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FOREWORD

This Report has been prepared to acquaint the reader with the exis-
tence of common-mode noise since this is a prerequisite for intelligent
circuit filtering, isolation, and grounding. Common-mode problems are
quite well known to designers of differential amplifiers and general
balanced circuits; however, the author has not seen material relating
these problems to the higher frequency regions considered in electro-
magnetic interference analysis. It is hoped that this Report will con-
tribute to a more effective and uniform approach to noise filtering
problems in system design.
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Vi

ABSTRACT 745 |

This Report describes common-mode noise voltages, which may be
present in electrical power and signal circuits, and submits means
of preventing such noise from interfering with electronic equipment
through the proper selection of filters and/or electrostatically shielded
isolation transformers. As will be shown, there is a distribution of
solutions to the problem. However, if the problem is generally under-
stood, a solution may be proposed on the basis of the information in
this Report.

Filters offer the best means of noise suppression for balanced-mode
noise voltages, particularly in the medium- and high-frequency region
(> 20 ke). They also yield some attenuation to common-mode noise
voltages and may be used for this purpose at high frequencies
(> 10 Mc).

Isolation transformers with electrostatic shielding can be effective
in eliminating the common-mode noise voltages in the low- and mid-
frequency ranges (= 0 to 10 Mc). This useful range may be extended
by careful construction. The number of electrostatic shields required
increases with the number of grounds seen by the circuits of either
primary or secondary. Noise which is transmitted in a balanced mode,
or has a net-balanced component, cannot be decreased by trans-
formers in the transformer passband, but may be decreased by medium
amounts in the transformer stop band where transformer action ceases
and the transformer becomes a filter.

Balanced or ungrounded circuitry generally loses its identity at high
frequencies. Occurrence of capacitive coupling to unwanted grounds
results in loss of rejection to common-mode noise. Consequently, it is
very desirable, cost and size permitting, to use a filter driving an isola-
tion transformer.

An attempt has been made to define test methods for determining
the type of mode present in a circuit. General application of filters and
isolation transformers to balanced-mode and common-mode noise volt-
age problems appears in tabular form. The grounding philosophy for
multishielded transformers is not considered here. AuT He R
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. INTRODUCTION

The approach to the analysis of effective filtering tech-
niques investigated in this Report is based on the philos-
ophy that interference is ultimately a circuit problem.
Systems are not interfered with, only the circuits within
them, and system noise problems are ultimately attacked
at the circuit level. Circuits presented herein may repre-
sent a complex series of circuits and are simplified to
clarify the analysis.

Circuits are primarily classified in two categories:
balanced and single ended. There are, however, various
degrees of unbalance in balanced circuits. The maximum
unbalance possible yields the single-ended circuits. (For
the purpose of this Report, a balanced circuit will desig-
nate a circuit which is designed to be balanced, but has
inherent unbalance which may or may not be recognized
and which will probably be undesirable.) This Report
analyzes the effects of the common-mode noise on the
load.

A common problem is design based on area of interest:
The circuit designer’s area of interest may not always
encompass the full scope of environmental requirements
to which a circuit may be exposed. If a balanced circuit

is desired to operate at 60 cps, it is generally not neces-
sary to take many precautions. One end may be a form
of center-tap grounding, and the other end floating. At
high frequencies, however, the floating end will capaci-
tively couple to other grounds or circuits. This coupling
may furnish a path for undesired signals. The designer,
therefore, must increase his area of interest to consider
these effects. The electromagnetic interference (EMI)
analysis generally takes into account the spectrum from
low RF frequencies (and sometimes audio) to the high
microwave region. The area of interest here is quite
large and circuits must be analyzed not only as they exist
at operational frequencies, but as they metamorphose at
frequencies far removed from the operational range.

It might be added at this point that a picture of pessi-
mism has been painted as far as the effect of common-
mode voltage is concerned. It is not generally a problem.
Circuits which are completely unbalanced (single ended),
such as a generator and load combination where a ground
plane or chassis furnish the return, are used extensively,
and most work quite well. This Report indicates the
existence of common-mode problems and potential solu-
tions to these problems. Consequently, these points are
emphasized, and a distorted perspective may be created.
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Il. BALANCED AND UNBALANCED CIRCUITS

A balanced circuit is one in which schematically there
is symmetry about a horizontal axis. The impedance to
the axis of symmetry at any point above the axis is iden-
tical to the impedance at the symmetrical point below the
axis. This axis is normally at ground (or zero) potential.
A circuit of this type is shown in Fig, 1.

Here:
R[]l = Rgih Ra = Rb) and RLI = RL2

If the axis is moved vertically downward to the very
bottom of the circuit, we have the equivalent circuit of
Fig. 2. This is the unbalanced form, also referred to as
single ended.

AAAAAA
vvvvvv

R, R,
:;RLI
Yo 1
- J2_ _ e ] I
[ 2 R, |
| R i I
L " 3 i
Fig. 1. Balanced circuit
sRq
R, 3
"%
= 1

Fig. 2. Unbalanced circuit

lil. BALANCED-MODE AND

The balanced-mode signal (or noise) is applied to the
circuit in a transverse fashion, i.e., schematically the sig-
nal generator voltage is applied normal to the direction
of signal flow. The common-mode voltage (normally
noise) is applied in a longitudinal direction. Examples of

A circuit which demonstrates an asymmetry (unbal-
ance) between the above two extremes is shown in Fig. 3
when:

Ry, = Ryy, Ro = Ry, or Rjy % Rpe
This is then referred to as a quasi-balanced circuit.
The total output voltage for Fig. 3 is:

Vg (RLI + RLz)

V, =
(Ry; + Ry.) + (R, + Ry) + (R + Rye)

(1)

The grounds shown may be hard-wire connection or they
may result from coupling or both.

Again it can be seen that the circuit is balanced if:
Rgl = Rgg, RLI = Rbg and Ra = Rb .

If these conditions are not true, the circuit is asymmetri-
cal or quasi-balanced.

/?gl Ry L
Y 2 A,
2 | VO
i
2 3L,
Rﬂz R
b

Fig. 3. Quasi-balanced circuit

COMMON-MODE VOLTAGES

the common-mode and balanced-mode representation are
given in Figs. 4 and 5, respectively.

A point of clarification should be made here. It is
assumed that the circuit under analysis should act like a




JPL TECHNICAL REPORT NO. 32-945

R,
{4
z s
% £
2 [
Fon @ Y%
2 s
Vem Ry 12
=
= G = Gy

G, AND G, ARE AT THE SAME POTENTIAL

Fig. 4. Common-mode noise, V .y,
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Fig. 5. Balanced mode, signal or noise

reasonably balanced circuit in that the signal voltage is
always applied in a balanced-mode fashion. Throughout
this Report the balanced-mode source will be titled V,
or V,, depending on whether we are considering the
balanced-mode noise or the balanced-mode signal, re-
spectively. The common-mode generator will always be
considered as a noise generator. It should be understood
that while only V, or V, is considered at one time, in
reality both generators exist simultaneously.

A. Common-Mode Sources

Any interference source can be represented by a
common-mode and a balanced-mode noise generator.
This is true regardless of the coupling means.

B. Radiated Fields

A radiated noise field may raise the ungrounded end
of a circuit by some potential, causing longitudinal cur-
rents (common mode) to flow in both sides of the circuit.
This same field may induce differing potentials to appear
in each half of the circuit causing a balanced-mode noise
current to flow around the circuit loop.

C. Ground-Plane Voltage Drop

If a balanced circuit is grounded to two different
ground points (either directly by hard-wire connection or
inadvertently by capacitive coupling) and there are cur-
rents flowing between thesc two ground points, a voltage

will exist between them (Fig. 6). This voltage then ap-

SAAA,

z
Ve
2
%
2
]

oz,

2
toz, GROUND PLANE

=

—Z, Vo
Fig. 6. Asymmetrical capacitive coupled circvit

pears as a generator between the two grounds and causes
common-mode currents to flow in the balanced circuit.
It can be seen here that there is a distinct advantage in
having only one ground in the circuit. It is for this reason
that single-point grounding is often specified. It must be
recognized, however, that the integrity of the singleness
of single-point ground philosophy can be maintained
over only that frequency range where the common-mode
coupling impedance is large.

D. Inductive Coupling

One solution to the problem of asymmetrical capacitive
coupling, as shown in Fig. 6, is seen almost immediately
to be a hard-wire connection from each end of the bal-
anced circuit to one single physical ground point. Ob-
viously, this would eliminate the voltage drop between
two separate ground points. The configuration is shown
in Fig. 7.

This technique, however, is often difficult to imple-
ment, due to physical separation of source and load and
does not eliminate the ground loop through the balanced
circuit. If there are circuits in the vicinity of the circuit
under analysis, they will create magnetic fields which

MAGNETIC FIELD
COUPLING INTO
CIRCUIT

/A

5

& AAA

¢

(D)

~ Iy

WIRE CARRYING CURRENT—/

Fig. 7. Single-point grounding
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will couple into the balanced circuit as shown in Fig. 7.
This means of coupling is of the form:

Ecoup]ed = A (dB/dt)

where A is the area of the ground loop normal to the
magnetic field, and B is the magnetic flux density cre-
ated by circuits in proximity. Note also that this coupling
increases with frequency.

E. Effect of Common-Mode Voltage

Consider the operation of a simple balanced system
with common-mode voltage present and no system un-
balance. Let the common-mode generator be specified
by V.n and R, (Fig. 8).

If the system is completely balanced, then the common-
mode currents will divide equally, half flowing in the
upper side of the circuit, and half in the lower. These
currents will cause a voltage drop across the load as
shown in Fig. 8. Note that the polarity of Ven: and Vep.
is such that the two signals cancel. From this explanation,
the usefulness of the balanced circuit can be seen. If it
is desirable to operate a low-level circuit in a very noisy
environment (where the noise voltage has one side com-
mon to ground), the balanced circuit can be used and
the noise voltage partially cancelled out, yielding much
higher signal-to-noise ratios than would be possible for
an unbalanced system. The disadvantages of the bal-
anced form arise from extra weight (there must be at
least two wires per circuit) and complex shielding and
guarding circuits to maintain the balance integrity.

Consider the circuit shown in Fig. 9, where unbalance
has been created by adding a resistance to one line and not

T
Ry omm—— — — — - - the other. Note the effect this has on the common-mode
T | Zem } iR y rejection displayed by the balanced circuit of Fig. 8.
I l "T cml|
v, .
o —21 ! { The total common-mode current that flows in the bal-
cm LT Lpur anced circuit is:
ﬁ : Icmt = Icml + Icmz (2)
2
|
Ry | Ieme Now the common-mode current is:
T N
I Von
v, =
- " Rem + (R,/2 + R, + R./2) (R,/2 + R./2)
= R, + R, + R,
Fig. 8. Balanced circuit with common-mode voltage (3)
Icml ——
Ry Ry
e
Ly
F 2 chl
)
2
'y < “'!{““ chl l/Da/
Rcm Vg
2
Zome y s A
ocm b9
2 = Vem2
utl
2
1 I

cm2

Fig. 9. Unbalanced circuit with common-mode voltage
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and the branch currents are:

(R,/2 + R./2)

Ile = I('ﬂlt T T
(R, + R, + Ry)

4)

R,/2 + R./2 +
Icmz = Ic-mt ( ﬂ/ L/ R“) (5)
(R, + R, + R,)

The voltages due to Iy, and I, are out of phase and subtract across the load:

R R
chz - chl = Icmz ?L - Icml _2_L‘ = cht (6)

R,/2 + R./2 + R, — R,/2 — RL/2)

Veme = (RL/Z) (Icmt) ( R +R TR
g L u

Vet = Iont 2 . (8)
ot T e T (R, + Ry + Ry)

The ratio of converted common-mode voltage across the load to the actual common-mode generator output is:

Vome (Re/2) (Ra)

= 9
Von  Bem (R, + R, + R,) + (R,/2 + R./2 + R.) (R,/2 + Ru/2) ©)

If there is an unbalance in the circuit, there will be a net voltage across the load due to the common-mode currents
not being equal in the upper and lower half of the circuit and, therefore, not cancelling. The quantitative value of this
net common-mode voltage is:

_ Vem Ry Ry, (10)
™ 9 [Rem (R, + Ry + R) + (R,/2 + R./2 + R,) (R,/2 + R./2)]
assuming R, << R, or Ry
2V, By Ry
Voms = 2 (11)
(R, + R.)* + (4R (R, + Ry)
In practice at low frequencies, R, is usually a capacitive Mid-Frequency given by Eq. (11);
reactance due to capacitance coupling, and generally R,
is la}'ge compared to R, and R;. On this basis, an approxi- High-Frequency equivalent (Ren = 0):
mation to Eq. (10) can be made.
Low-Frequency equivalent: Vs = 2Vem Bu Ry
- (R; + Ry.)*
Vo - Vem Ru Ry, 12
™ 9 Rom (R, + Ry) (12) Generally, there is not a great unbalance in balanced

systems due to difference of line impedance. The unbal-
Here: R, may be an impedance, rather than a pure  ances are commonly caused by one of the grounds being

ot

resistance. displaced from the center of the circuit. In a single-point
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ground system, only one of the grounds will be a hard-
wire connection. The second ground will result from
coupling and may not be at the symmetrical center of
the circuit. Consequently, from the point of injection,
there is asymmetry in the balanced circuit. An example
of this is shown in Fig. 10. Note that the previous analy-
sis was for a circuit with an unbalance in the line. The
subsequent analysis will be for an asymmetrical ground
connection.

it}
2
L g
23
Y
2
Y
2
s
> 2
R
ch Xcm ?l =

Fig. 10. Balanced circuit with asymmetrical
common-mode noise

Here it can be seen that the amount of unbalance in
the common-mode path is equal to R,. The ratio of the
balanced-signal voltage to the common-mode voltage,
which represents the signal-to-noise ratio of the circuit,
appearing at the load is:

Low Frequency:

Vbal — 2Xom
Vew R,

(Note that X,,, = 0 here would give no signal. However,
for low frequencies, X, is always very large.)

Mid Frequency:
(2 R, + R, )
Viw \R, + R, /T Ao
Vem 2R,
High Frequency:

~

Vba.l RL (2 B.g + RL>
Vem R,

‘R, \ R, +R,

IV. SUPPRESSION OF UNDESIRED SIGNALS

Undesired signals may be significantly reduced in
magnitude by use of filters and/or isolation transformers.
Each of these suppression devices has its own character-
istics and uses. A transformer will reject the common-
mode signals in the low-frequency range (0 to = 5 Mc),
and the filter may be small, yet quite effective, in the
1 Mc to 1 Gc range. The transformer cannot reject un-
wanted signals in the low- or high-frequency ranges,
which are balanced and appear across the transformer
winding. Filtering is not efficient in the low-frequency
range due to difficulty of design, weight, and price. A
more thorough analysis of each of these types of suppres-
sion devices follows.

A. Filters

In the absence of common-mode voltage, the asymmet-
rical filter (Fig. 11) works as well as a balanced filter.

If, however, there are common-mode voltages, then the
inductance being in only one line causes an unbalance
to exist and generally this is detrimental. This case can

...
N
"\m

v..
N
I,\m

AA

Fig. 11. Balanced circuit with asymmetrical filter
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—AAAAAAA, AAAAAAA.
L (b)
2 2

Fig. 12. Balanced circuits with symmetrical filters

be helpful if it recreates balance in a system already
unbalanced. Normally, however, the circuits shown in
Fig. 12 are used.

Consider the circuit in Fig. 12a with common-mode
voltage injected. This is shown in Fig. 13.

Note that the current flowing through the top half of
the load is I.,; + A I.m.. The current flowing in the
bottom half of the load is Iews — A Icms. The total net
current through the load is then:

Liet = (Ieme — Alws) = (Lems + A Lws)
Liet = Iz = Iemy — 2A 1om:
This is less than:

Liet = Iepz = ey

which would be the value of the net current if the ca-
pacitor were not installed.

L L

Ry — -
_’ /
F3 Ipm + BIom, &
Y 2
2
AZ,,,
-—C
v  Zem,
b (=
r s
2
-AT,
V. _R_’_ Icmz Icmz "2
cm ﬁcm 2 o =
~ ]
L L
2 2

Fig. 13. Balanced filter circuit with asymmetrical
common-mode noise

A balanced filter which is grounded is shown in
Fig. 14. In addition to performing the balancing action
of Fig. 13, some of the common-mode current is dumped
to ground and is not available to flow through the load.

On this basis, it might be assumed that this configura-
tHon would always be better than the ungrounded filter.
However, there is a possible undesirable effect which
may be present. If V,, is due to voltage difference be-
tween G, and G; or a loop created by them, then there
is the possibility of creating a common-mode voltage
between G, and G; which would not exist in the un-
grounded filter. A simplified version of this condition is
shown in Fig. 15.

Only those currents which flow through the load are
shown. These currents generally are of different fre-
quencies and phase relationship; thus showing that all
currents in phase in each half of the load is a realistic

L
2
— e Y Y Y
s R
)—2—
s AL
:Gz 2
63 =
AT
L
2

Fig. 14. Circuit with & balanced grounded filter
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Fig. 15. Ground loops created by unequal
ground potentials
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VWA
!
kR

™1

ViV v
n
S

Fig. 16. Balanced circuit with a single-shielded
isolation transformer

&
2
oNA
2
5%
2
3R
Vem Rem 2
(). AA
/S

picture for peak values. From Fig. 15, it can be seen
that the insertion of a ground-referenced filter has the
potential of being detrimental. In the major portion of
the cases, this form of filtering does not create nearly the
number of problems that it solves. However, it does
have the ability to cause problems and this fact should
be considered in special low-level balanced instrumenta-
tion circuitry. If the ground-referenced filter does not
create a common-mode problem, it is quite effective for
common-mode rejection.

B. Isolation Transformers

One technique to reduce common-mode voltage effects
without disturbing the operation of the balanced circuitry
is shown in Fig. 16.

Disregarding momentarily the electrostatic shield, the
transformer is used to couple magnetically the balanced-
mode signals. Since a transformer can couple only those
voltages which appear between the two ends of a wind-
ing, and the V., shown does not exist across any one
winding but between windings, the transformer should
cure the common-mode problem. This is normally true
for very low frequencies; however, there is capacitance
existing between windings, and this becomes the cou-
pling element at higher frequencies. Now, considering
the electrostatic shield, it is seen that this shield forms
a capacitively-coupled circuit which shorts the common-
mode current around the secondary. The circuit will
develop a balanced-mode signal due to V,, and unbal-
ances in the primary, but unbalances in the secondary

1P
CL‘
I
L
. 3 A
l'”‘l 1’2
bi-)
-1 s AL
] > 2
||
I
{
|
| )
|
L.

Fig. 17. Balanced circvit with a double-shielded isolation transformer
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are immaterial since no common-mode current flows
here. This will be fundamentally true for frequencies
where the impedance of the shield grounding lead is low
compared to the interwinding capacitive reactance. An
improvement may be made on this circuit by the addi-
tion of a second shield as shown in Fig. 17. In this cir-
cuit, the common-mode current flows primarily between
the shields and unbalances in either primary or secondary
are of smaller consequence.

Proper construction of transformer shields can reduce
the effective capacitance between primary and secondary
windings to the order of 1.0 pf. This represents a rela-
tively high impedance to common-mode voltages in the
low and middle frequencies (100 kQ at 1.6 Mc) and can
give reasonable attenuation in this range. Any voltage
which appears across the balanced circuit, however
(whether noise or signal), will be transformed to the
secondary. Therefore, there is no filtering effect to any
balanced voltage or net common-mode current in the
passband of the transformer. The filtering effect, offered
by a transformer, is due to parasitic elements which be-

AAAA
VVWWW/

Fig. 18. Transformer high frequency equivalent circuit

come dominant at higher frequencies, and transformer
action ceases to exist; however, the filtering effect of the
transformer decreases at higher frequencies.

A simplified equivalent circuit for a 1:1 transformer at
higher frequencies is given in Fig. 18.

Here £ is the sum of the primary and secondary leak-
age inductances, and C is the sum of the primary and
secondary distributed capacities. If this equivalent circuit
maintained its form, the result would be the action of a
2-pole low-pass filter. However, at some frequency still
higher, the distributed interwinding leakage capacitance
will become dominant and negate the effect of the low-
pass filter (Fig. 19).

The transformer then will be a capacitive divider having
approximately 20 log C,/C,; dB of attenuation. In prac-
tice, this may be in the order of 10 to 30 dB depending
on the quality of electrostatic shield material and con-
struction.

©

AAAA

VA~
.

Fig. 19. Figure 18 circuit at higher frequencies
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V. INSTALLATION OF SUPPRESSION DEVICE

The suppression device used should be as near the
line entry point to a cabinet, rack, or room as possible.
The input and output leads should be isolated from one

BONDED
INTERFACE—\
& %
* -~
(a) BEST
METALLIC SHIELD
ENCLOSURE
{(RACK)
Nl
\_J * R o
{b) GOOD
»*
*FILTER OR
TRANSFORMER {c) POOR

Fig. 20. Suppression filter installation techniques

MAY BE SECOND SHIELD,
UNGROUNDED AT LOAD

another either via shielding, bulkhead mounting or
spatial separation. Of these choices, bulkhead mounting
is more effective if the enclosure is metal; shielding is the
most effective if it is not. The device should be well
bonded to a metallic enclosure. Examples of installation
techniques are shown in Fig. 20.

In Fig. 20a, it can be seen that there is no radiation
path around the filter. The only path available is through
the filter. In Fig. 20b, there is a small area open to the
leads at the shield termination, and in Fig. 20c, the input
and output leads are exposed. Noise currents flowing on
one side of the filter can couple to lines on the opposite
side via the air path. Depending on frequency and
geometry, this coupling-path attenuation may vary from
approximately 80 to 15 dB.

Filters offer the best means for balanced-mode noise
suppression. Isolation transformers with electrostatic
shielding can be effective in eliminating the common-
mode noise voltages. Balanced or ungrounded circuitry
generally loses its identity at high frequencies. Because
of capacitive coupling to unwanted grounds, a resultant
loss of rejection to common-mode noise occurs. Conse-
quently, it is very desirable to use a filter 'driving an
isolation transformer (Fig. 21). Representative curves
showing frequency vs attenuation for balanced and
common-mode operations are given in Fig. 22. A graph
showing typical insertion loss for a filter-transformer
combination is shown in Fig. 23.

/— CIRCUITRY

=%
| |

L———J

FILTER
TRANSFORMER [

SAFETY GROUND
EXTERNAL CONNECTION

b
POWER LINES
h—

BONDED INTERFACE

THiS SHIELD NOT CONNECTED
TO ENCLOSURE

Fig. 21. Recommended suppression technique using both a filter and isolation transformer

10
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INSERTION LOSS (REJECTION)

120
100 ﬁ’\\
COMMON-MODE REJECTION \l
(TRANSFORMER)
o BALANCED-MODE REJECTION N
(TRANSFORMER)
80]—x COMMON-MODE REJECTION \
(FILTER) (3 pole) h
o BALANCED-MODE REJECTION \l\
(FILTER) (3 pole) \
. / - &\\ I
T s T
LA
N
// \\.
40 /X S{ /y/ — A e
/ // /:/
0 ’A/ //({ A]/
100 Hz | ke 10 ke 100 k¢ 1 Mc 10 Mc 100 Mc 1000 Mc

FREQUENCY

Fig. 22. Typical curves of balanced and common-mode noise rejection for filters and isolation transformers
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INSERTION LOSS (REJECTION)
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Fig. 23. Typical insertion loss for filter-transformer combination
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In the application of noise filtering and the methods
to be utilized, the first step is the determination of the
source mode (i.e., is the problem due to common-mode

noise in a reasonably well balanced circuit, or is it due
to a noise generator which is itself fairly balanced).
Section VI assists in determining the noise-source mode.

V1. NOISE-MODE IDENTIFICATION

Before it is possible to select the proper suppression
device, it is necessary to determine whether the noise is
due to a common-mode or balanced-mode source. This
identification generally can be determined by making
three current measurements over the frequency range of
interest.

A. Measurement Techniques
Consider the circuit of Fig. 24

Rgl ——’I|
:E RLI
Yo
2
(D) Fem
O WA
v, -
v, cm
< Tem
b '?Lz
>
R,
g2
-— Iz

Fig. 24. Balanced circuit with unbalanced bridge current

In this circuit I, is that current which flows through
the center (ground return) branch. It is due to the
common-mode generator (when present) and a portion
of the balanced-mode current arising

when:
By fBu,
Rgz RLZ

This is an unbalanced bridge current. The currents I,
and I, are due to the normal balanced-mode current plus
the common-mode current. The plus signifies the sum
of the absolute magnitudes. This is chosen because a
definitive phase relationship cannot be established be-
tween the common-mode and balanced-mode current.

There are some ambiguous cases where a common-
mode signal yielding certain values of I.,/I, and I.,/I.
can be the same as a circuit with certain unbalances and
no common mode present. These cases, however, gen-
erally resolve themselves since one combination of pa-
rameters are considerably more improbable than others.

B. Selection of Suppression Device

Table 1 is a guide to the selection of suppression devices
based on the results of the I.,/I tests which will be de-
scribed below. It has been reduced to show only the
probable combinations; as a result the table is not en-
tirely rigorous. Some caution should be exercised in the
selection of suppression components for those areas hav-
ing limited frequency ranges in the table. The noise-
source mode listed with frequency limitations is the
most likely to occur. Note that I, and I do not have
identifying subscripts in the table. This is because

R, + Ry,
—_— 1
R,, + R, >

gives the same result
as:

R, + R,
R, + Ry, » 1

except that the I., and I subscripts are reversed. Both
cases, however, identify the nature of the source.

An example of the use of the table is shown below (as-
sume that noise measurements are made of the config-
urations shown by Fig. 25).

The ratio of I, to I in one case is (1/5) = 0.2 and in
the second case (1/50) = 0.02. In both cases I.,/1 is

i3
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Table 1. Guide to selection of suppression devices

PROBE® LINE |

oy
\Y
POSITION |
{t:::\,\‘r LINE 2 (RET)
POSITION 2
N Gnd Line

)

SNo
\\posmow 3 Gnd STAKE

*NOISE CURRENT MEASURED

POSITION | 50 po/Mc I,
POSITION 2 5 wa/Mc I,
POSITION 3 | wa/Mc Iy

Fig. 25. Test setup illustrating use of Table 1
much less than 1. The two values of I../I, both much

less than 1, are found in the table. The noise source is
seen to be primarily balanced mode, and a balanced
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lem Frequency Probable noise Suppression component, Suppression component,
1 range source mode 1st choice 2nd choice
=1 and >2>1 0-1 Mc Common mode Double shielded isolation Unbalanced filter
transformer
=1 and >>1 1-20 Mc Combination Balanced filter and Unbalanced filter or
shielded transformer shielded transformer
~1 and >>1 20-500 Mc Balanced mode Balanced filter Shielded transformer
<<V and <1 All Balanced mode Balanced filter Unbalanced filter
~2 and ~2 All Common mode Double shielded Unbalanced filter
transformer
=~0.5 and =1 All Combination Balanced filter and Unbalanced filter or
shielded transformer shielded transformer
=0.5 and >>1 All Balanced mode Balanced filter Isolation transformer
=1 and =<1 All Combination Balanced filter and Unbalanced filter or
shielded transformer shielded transformer
RFI filter is called out as the correction device. In the cases
EQU”’;MENT RECEIVER EQUIPMENT where unbalanced filters are called for, a trial method of
CURRENT 2

inserting them in each line successively is required. The
filter will act as a balancing device and it will be neces-
sary to try the filter in each line to determine which side
yields the maximum interference reduction.

The measurements necessary to determine the source-
mode identification can be made using an RF current
probe and standard RFI receiving instruments. These
techniques can be used whenever a balanced or quasi-
balanced circuit has at least one point tied to ground
(since a ground line must be available for measurements);
however, if no physical ground exists, some less signifi-
cant information as to source-mode identification can
sometimes be made. This can be done by measuring I,
and I,. A ratio of unity for these two measurements does
not necessarily mean the absence of common-mode volt-
age, but a ratio reasonably far removed from unity does
mean that a common-mode path is present and common-
mode currents are likely.
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APPENDIX A

Basis of Table 1

Taking the circuit of Fig. 24, the loop equations may be solved to yield expressions of I,/I, and I.,/I,

Im ch (Rgl + RLI + Rgz + RL2) + Vg/z (Rgz + RLz - Rﬂl - RLI)
I, Vem (Bg2 + Bs) + V,/2 (2 Rem + Ry» +Rys)

Icm ch (Ryl + RLl + Rgz + RLZ) + Vg/2 (Rgz + RL2 - Rgl - RLl)
I, V,/2(2Ren + By + Rpy) = Ven (R + Riy)

These are quantities which are measurable with a cur-
rent probe. These equations were evaluated by letting
each of three parameters vary over the range of 0, 1,
and co.

The parameters were

V,/2 R+ Ru R.,
Von R, + Ry, "R, + R,

The permutations of the three parameters over a range
of three values each yield 27 solutions for the I../I pa-
rameter. As might be obvious some values are redundant.
For example the parameter

Hﬂ+RL1 _0

R+ Ru,

yields the same solution

as:
Rgg + RLZ

R, + R,

except the I subscripts are reversed. Other cases come to
light which are trivial such as the combination
of:

Vi/2

v, ©°

which says there is no common-mode voltage present so
it hardly matters that the common-mode coupling imped-
ance is zero, 1, or . Table 1 represents simplification of
the results of analyzing the various solutions and elim-
inating the redundant, the trivial and the improbable
cases. This table lists several I.,,/I results and what these
indicate as to the noise-source mode identification.
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